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Abstract
Comprehensive measurements of powder metal jet characteristics, namely the jet density and velocity profiles, have been 
obtained for a small size shaped charge widely used in the oilfield industry. The results are needed to examine existing
penetration models, and to serve as benchmarks for numerical simulations. The jet flash x-ray and digitized images are
recorded to measure the density profile, based on measured attenuation characteristics of the liner materials. Results show 
that density decreases from jet tail to tip, with a weak dependence on time. The results are consistent with previous findings
for a similar charge. The jet velocity profile was determined by a series of time-of-arrival (TOA) experiments, using
aluminum foil switches embedded in a limestone target. Results show that the jet velocity decreases linearly from tip to tail 
until the stagnation point. Finally, the measured jet density and velocity profile were applied to Tate-Alekseevskii
penetration model to calculate jet penetration in limestone for which compressive strength is available. The calculated 
penetration time history fit the test data very well, while further work is needed to improve the agreement with penetration 
velocity.
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Hypervelocity Impact Symposium.
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Nomenclature
Powder metal jet density (g/cm3)
I Intensity of transmitted x-ray energy, (KeV)
I0 Intensity of incident x-ray energy, (KeV)
μeff Effective attenuation coefficient (cm2/s)
V Jet speed (km/s)
U Jet penetration velocity (km/s)
1. Introduction
Multiple shaped charges installed in a closed steel tube (called a perforating gun) are widely used in the oil/gas industry.
The jets from the charges produce tens of holes in less than one second in steel well-casing, then in cement and deep into the 
reservoir rocks. The production fluid flows through the holes into the well. The penetration depth is a key parameter in 
selecting proper size of perforating tool and well production prediction. Oilfield prefers the powder metal liners for the fine
debris left inside rock. Unlike a solid liner charge, the average powder metal jet density varies along jet length, and can vary 
with time. The powder metal liner jet distends while it stretches. As with solid liner jets, powder liner jets exhibit a velocity
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profile, decreasing from tip to tail. Accurate measurements of both velocity and density profiles are needed to better analyze 
the charge performance. This work is an extension of previous work on a semi-numerical jet density and velocity 
calculations[1].  
2. Measurements of jet density 
A technique based on x-ray attenuation theory is developed utilizing flash x-ray image to measure the powder metal jet 
density. The digitized image presents gray scale of each pixel that is proportional to intensity of the x-ray energy. The 
density profile along jet length at a particular moment is obtained by measuring the centre line gray level assuming no 
density gradient in the radial direction. Jet density profiles at different times are obtained from multiple images. 
X-ray beam energy intensity attenuates when it transmits through a material, as shown in Fig.1. The intensity of incident 
x-ray energy is I0, the intensity attenuates to I after it transmitted through the material with mass density  and thickness x.  
 
 )exp(0 xII eff , eff  (1) 
Where eff is called mass effective attenuation coefficient, in cm
2/g. 
The density of the material that X-ray transmits through can be measured based on the intensity attenuation. 
From Eq.(1), the density is  
 xII eff/)/ln( 0  (2) 
The attenuation coefficient depends on x-ray energy level, material and its apparent density.  
 
Fig. 1.  The schematic drawing of x-ray energy attenuation in passing through object 
In order to apply Eq (2), calibration tests were carried out to define the effective attenuation coefficient eff . The tests 
were done by filling the same loose liner powder with about the same density into plastic tubes which has wall thickness of 
0.127 mm. Varied diameters were applied to have different values of mass thickness . The material thickness, x, is the 
diameter of the tube. The intensity on the centre line of the image represents attenuation by , which is measured for each. 
Figure 2 shows the 5 images of x-ray that has transmitted through the liner powder metals in plastic tubes. Take the intensity 
at each of centre line, I, and scaled by each background intensity I0, then plotted in Fig. 3. The five results can be fitted into 
a smooth curve. It is assumed that the curve is valid when extrapolated to higher density. From Eq. (2), the inverse of the 
dashed line slope in Fig.3 represents the intensity attenuation coefficient, eff : 
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The attenuation coefficient is not a constant along the curve.  
To apply the calibration curve, the density of a jet can be found by measuring jet diameter x and transmitted intensity I of 
x-ray energy and the background intensity I0., then find the  on the calibration curve by knowing the ln(I/I0 ). The 
attenuation coefficient is not needed in the density calculations. Transient jet density can be obtained by taking x-ray image 
at one moment. The evolution of this density profile over time is obtained by analyzing images taken at different times.  
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Three small shaped charges (less than 30 gram explosive) using powder metal liner were shot into air. Three images,
shown in Fig.4, were taken at three different moments, 55 μs, 65μs and 85μs after initiation, respectively.
By applying Eq. (2), three jet density profiles are obtained, and the density profiles are plotted in the same chart, Fig.5. It 
is interesting to see that all the density data are in a narrow range, though the data are from three different moments. In
general the density of the jet is a function of both time and space. In Fig. 5, it shows that jet density is weakly depends on
time, can be approximately represented by position only. Previous work done by Grove and Walton [1] also found the 
density of powder metal jet can be expressed as function of position.
Similar tests were done for the jet that shoots through perforating gun and well casing. The density can be fit into a
single function of position as follows.
0809.1128.18 Xj (4)
Fig. 2. X-ray images of plastic tubes filled with powder metal in calibration tests.
Fig. 3. Calibration curve for powder metal at half 450 KeV
Fig.4. X-ray image of three jets taken at time of 55 μs, 65 μs, 85μs.
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Fig. 5. Density measurements from the above three jets at three different times. 
3. Measurements of jet velocity 
Jet velocity is measured through jet arrival time that is recorded by a series of foil switches in the target. A few blocks of 
limestone cut into 2 inch thick slabs were used to obtain arrival time at different locations. The setup is shown in Fig. 6. The 
zero time is 10μs before the charge initiates. cases) was set between 
two rocks to provide space for measuring jet velocity in air. The purpose of the jet penetrating a series of rocks is to measure 
not only the jet tip velocity, but also the jet velocity profile along its length. In order to measure the material velocity at 
middle of the jet, its tip portion has to be consumed as it penetrates target material. The limestone was selected because it is 
one of the typical formation rocks tested in laboratory. Both jet velocity profile and penetration data in rocks are obtained 
using this setup. Except the tail part of the jet, velocity of most part of jet that contributes penetration is a linear function of 
jet position in space X, in unit of inch. 
Velocity along jet at t0 is 
 baXtXV ),( 0  (5) 
At a later time t, velocity along jet becomes, 
 bXatXV ),(  (6) 
By assuming the same jet origin and constant velocity when free flying, then 
 
4.25/)(1 0tta
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Where a is in unit of km/s/mm; b is km/s; V is in km/s; and (t-t0) is in μs. 
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Equations (6)-(8) give the velocity of jet along X at any time t. The coefficient a and b can be obtained through a test setup 
shown in Fig.6. However, the velocity measured at different position X and time t needs to be transferred to the same time 
by assuming constant speed in free flying. The testing results of jet velocities shown in Fig. 7 are the velocities measured in 
two tests and then transferred to the same time 242 μs. The jet velocity profiles prove that the majority part of jet velocity 
linearly relates to the position in space as in Eq. (5). 
The linear portion of the jet can be fit into, 
For example, at 242μs, 669.0109.0)( XXV  (9) 
According to Eq. (5), take a=0.109, and b=0.669 in linear Eq.(9). By using Eq. (7) and (8), jet profile at any time t is 
known. For example, t= 372 μs, the velocity profile is: 
 429.0070.0)( XXV  (10) 
In summary, the density of the jet studied is measured and given in Eq. (4). It is a function of space only. The jet velocity 
profile is measured and the results are given in Eq. (9). Velocity at any time is obtained by using Eq. (7) and (8). The results 
of density and velocity are applied in penetration calculations when jet position in space and time are given. The jet velocity 
profile measured is assumed to be valid at earlier time than t=242 μs. 
 
Fig. 6. The schematic drawing of testing setup for jet time of arrival measurements using foil switch to record the time. 
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Fig.7. Jet velocity measured in the time of arrival tests transferred to 242μs along the jet length. 
4. Numerical solution of penetration for jet with varied density and speed 
A widely applied penetration model is utilized in these penetration calculations. Alekseevskii and Tate developed a 
model for long-rod [2, 3] in the 1960s. The model was built for solid rod that considered both the strength of target and 
projectile. 
 RUYUV Tj
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2
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2
1 )( , (11) 
Where Y is the yield strength of the penetrator; and R is the yield strength of the target material at the corresponding high 
pressure. For powder metal jet, we assume its strength is zero, so the equation simplifies. Solving the above equation 
analytically for a jet with varied density and speed is very complicated [4]. However, it is much easier to numerically solve 
it since each small segment of the jet can be treated as with the same density and speed. It is also easy to implement more 
complicate profiles in numerical simulations. Penetration is determined by the penetration speed, 
 dttUdP )( , (12) 
Jet is consumed and shortened as it penetrates the target, 
 dtUVdl )( . (13) 
Where V is the jet speed, U is the penetration speed; l is the jet length, j is the density of jet; and T is the density of target. 
Recently, a compressible powder metal jet model was developed by Grove [5]. It introduced a pore free effective density 
when jet impacts the target. The compression occurs in the moment of penetration since the jet velocity always exceeds the 
penetration velocity. The effective jet density is defined as follows: 
 )1(jeff , (14) 
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Where, j  is the jet density measured and given in Eq. (4), and s  is known for pore free density. This effective jet 
density is applied in the penetration calculations. 
Strength of target material limestone was measured in a related work. The high pressure strength of the limestone is a 
function of shock pressure [6], 
 )25.0(82.0 pressureExpR <=5.0 GPa. (16) 
Where, Pressure is the impact pressure, 22
1 UT . 
A FORTRAN code is written to calculate the penetration using the Eq. (11)-(13), applying the measured jet density in 
Eq. (4), the measured jet velocity profile in Eq. (9), and measured target strength in Eq. (16). The calculated results of 
penetration are plotted in Fig.8 and Fig.9. In Fig.8, penetration by porous non-compressible jet was calculated first and the 
target strength R=0 was set to study how its penetration behaves. Its final penetration depth is much greater than testing 
results. Essentially it is a hydrodynamic process. Further calculations using R=1.0 GPa, and R=f(P) per eqn. 14, show that 
the final calculated penetration is about 2/3 of the total experimental depth.  
For the compressible jet treatment, the total penetration for both R=1.0 GPa and R=f(Pressure) increase significantly and 
close to the testing results. This suggests the compressible jet model may reveal the main physics of powder metal jet 
penetration.  
The details of the penetration can be well demonstrated using the penetration velocity. Fig. 9 shows the penetration 
velocity in the same calculations. The penetration in the case of using compressible jet model and measured target strength 
gives the best comparison with testing results. It matches the penetration velocity to about 10 in, about half of the total 
penetration. 
5. Conclusions 
The density and velocity profiles of a powder metal jet from a small size shaped charge were characterized by a number 
of tests. A technique utilizing digital x-ray images was applied to measure powder metal jet density. The results have shown 
that the jet density decreases as it stretches. It is found that jet density along its length at different times vary in a small 
range that indicates jet dilutes while it stretches to a similar porous jet. Density can be expressed as a function of space only. 
Jet time of arrivals along limestone targets were recorded using a series foil switches. Jet velocity profile along the length at 
the same reference time is obtained from the measurements. The testing results show that the jet velocity decreases linearly 
from tip to tail until the stagnation point. These results are then applied in jet penetration in limestone. Although the 
measured jet density and speed are critical inputs in the penetration calculation, the compressible jet model and compressive 
strength of the target material improve the accuracy of penetration calculation dramatically. The results of calculated 
penetration fit the testing data very well, while further work is needed to improve the penetration velocity results. 
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Fig. 8 The calculated penetration results compared with testing data. 
 
 
Fig. 9. The calculated penetration Velocity compared with testing data. 
